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A GLOBAL REVIEW ON INTERNET OF THINGS: ENABLING SMARTER AGRICULTURE 
Abstract

[bookmark: _GoBack]The world population is expected to be 10 billion by 2050 which pursue agriculture sector to adopt new technologies to meet the growing demand. Addressing the future production and facing the challenges of climate change and maintaining the sustainability is a difficult task in the ensuing years. Improved technologies in genetics, cultural practices, weather forecasting, equipment and farm management can be effectively utilised for overcoming the challenges. Thus, the future farming system will be based on precision agriculture which can integrate the Internet based technologies for production. This paper discusses applicability of Internet of Things in Agriculture domains such as soil monitoring, irrigation monitoring, fertilizer application, pest and disease management, yield monitoring and forecasting, harvesting, environmental monitoring and control. This paper also addresses IoT applications in advanced technologies such as precision farming, microgreens and greenhouse monitoring that includes hydroponics, aquaponics and aeroponics. Arduino was the most widely used microcontroller in the studies followed by node MCU and Raspberry Pi. Among the sensors, temperature sensors were the most widely used sensors followed by humidity sensor and soil moisture sensor. Among the crops, most of the research were carried out in tomato followed by apple and lettuce. Continued research and deployment of IoT technologies are essential for developing resilient, data-driven agricultural models aligned with sustainable development goals.
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Introduction
The world population is expected to be 10 billion by 2050 which pursue agriculture sector to adopt new technologies to meet the growing demand. Addressing the future production and facing the challenges of climate change and maintaining the sustainability is a difficult task in the ensuing years. Integration of advancement of various fields is the ideal approach to meet those needs. Improved technologies in genetics, cultural practices, weather forecasting, equipment and farm management can be effectively utilised for overcoming the challenges. Our farms should follow an information and technology based farm management system by which efficiency of production system can be increased by optimising the resources. Thus, the future farming system will be based on precision agriculture which can integrate the Internet based technologies for production.
The International Telecommunications Union Telecommunication Standardization Sector (ITU, 2012) defines the Internet of Things (IoT) as a global infrastructure for the information society, designed to enable advanced services through the interconnection of physical and virtual things using existing and evolving interoperable information and communication technologies. The term ‘Internet of Things’ was introduced in 1999 by Kevin Ashton, then director of the Auto-ID Centre at the Massachusetts Institute of Technology. The Internet of Things (IoT) refers to a network of interconnected physical objects, or “things,” which may include animals, humans, vehicles, environmental elements, and appliances. Each object is connected to the internet and assigned a unique identifier to enable its recognition and communication (Abbasi et al., 2019).
 The IoT application covers “smart” environments in domains such as transportation, building, city, agriculture, factory, supply chain management, healthcare, traffic, security, culture and tourism, environment and energy (Patel and Patel, 2016). Key benefits of IoT includes efficient resource utilization, higher productivity and quality, reduced labour and operational costs, improved traceability and safety and environmental sustainability (Tzounis et al., 2017). Smart farming is a modern farming managemental concept that uses IoT technology to boost agricultural productivity. It enables effective use of fertilizers and other inputs to improve the quality and quantity of produce. IoT enabled automated system operates independently of human oversight and notifies for making decision to handle with problems they may arise during farming (Doshi et al., 2019).
IoT based agriculture primarily focusses on the domains like monitoring, controlling and tracking that includes precision farming (16%), irrigation monitoring and controlling (16%), soil monitoring (13%), temperature monitoring (12%), humidity monitoring (11%), animal monitoring and tracking (11%), water monitoring and controlling (7%), air monitoring (5%), disease monitoring (5%) and fertilizer monitoring (4%) (Farooq et al., 2020).
Applications of IoT in agriculture
1. Soil monitoring
      Kapse et al. (2020) designed an IoT based soil testing kit for crop prediction to improve soil fertility and quality of crops. Sensors used in the system included temperature sensor, humidity sensor, soil moisture sensor, soil pH sensor and color sensor. NPK testing kit was used to access N, P, K content of soil. Based on the sensor data, a list of crops suitable for the tested soil were generated. A web portal was created which gave information on fertilizers required for the crops. 
In order to remotely monitor soil moisture, temperature, humidity, and NPK value, Nuchhi et al. (2020) suggested an IoT based soil testing system that uses wireless sensor networks enabled Thing Talk cloud platform with sensors. The NPK values and recommendations for increasing crop production were computed. Farmers may readily access the relevant field data on their laptops or mobile devices with the information being sent to them via a cloud platform.
Joshi (2021) proposed a soil moisture monitoring IoT system using UAV (Unmanned aerial vehicle) drone. The system comprised of soil moisture sensor that sent data to Arduino microcontroller and it was then transmitted to receiving unit attached to UAV drone then to Thinkspeak cloud platform where data is analysed. 
Using a color optical sensor, Jain et al. (2023) developed an IoT-based soil macronutrient identification system to measure soil macronutrients availability and pH. The suggested method's average accuracy in identifying the macronutrients in the soil was 0.969 for phosphorus, 0.953 for nitrogen, 0.961 for potassium, and 0.921 for pH.
McCole et al. (2023) proposed a soil pH and potassium monitoring system using 3D printed sensor electrodes. The relative error for pH was 1.23 % and 5.61 % for K. 
An IoT system for monitoring soil nutrients using NPK sensor and Arduino microcontroller have been developed. Four soil samples were collected and nutrient level estimated using sensor and lab methods. It was found that sensor value was in the range of 1-255mg/kg and had an efficiency of 85% compared to laboratory (Kumar et al., 2024).
Pratama et al. (2024) developed an autonomous drone for soil fertility classification that comprised of sensors that monitor soil moisture, pH and NPK.  Sensed data and weather station data were sent to LoRa gateway. The system attained higher accuracy of 91.93% for nitrogen, 91.31% for phosphorus, 88.7% for potassium, 95.03% for pH and 93.54% for moisture.
Selvanarayanan et al. (2024) conducted a study using ten IoT sensors to assess soil moisture, pH, temperature and nutrient levels in a coffee plantation in Madekari, Coorg. Soil moisture, temperature, and pH maps were created, which helped to differentiate under and over-watered crop regions and regulate the irrigation system.
Babu et al. (2025) developed a smart agro device for assessing soil nutrient status of Vellore district.  The sensing unit comprised of soil temperature sensor and humidity sensor, pH sensor and soil nutrient sensor that assess nitrogen, phosphorus, potassium and micronutrients. It was found that soil had low nitrogen, medium phosphorus and high potassium content with alkaline pH. 
2. Irrigation monitoring
Goap et al. (2018) developed a smart system for optimizing irrigation requirements of a field. The physical parameters such as soil moisture, soil temperature, air temperature, Ultraviolet (UV) light radiation and relative humidity of the crop field were assessed. The sensor node data were sent to the cloud, system has a provision for a closed-loop control of the water supply to realize a fully autonomous irrigation scheme.
The adoption of IoT-based approaches, such as crop water stress index (CWSI)-based irrigation management, can transform traditional crop watering practices to enhance agricultural water productivity.


· Crop Water Stress Index (CWSI)
Optimal irrigation relies on the precise measurement of crop’s water demand, which can be characterized as CWSI. The CWSI value can be derived in different ways. One popular method to calculate CWSI is based on the following equation (Idso et al., 1981).
CWSI = 
Here, dT refers to the difference between crop canopy temperature and air temperature. dTu represents the upper baseline for water-stressed crops, while dT1 indicates the lower baseline for well-watered crops. The atmospheric vapour pressure deficit (VPD) and vapour pressure gradient (VPG) are used to calculate dTu and dT1 (Veysi et al., 2017).
A CWSI value of 0 indicate that crop have no water stress, value of 1 denotes that crop have the maximum water stress. In conclusion, the crop - water stress signals the site-specific crops’ need for irrigation. In CWSI-based irrigation management, the first step is to acquire crop’s water demand of each site in the entire farmland. Then on each site irrigation outlets will be controlled independently based on the crop’s water demand, thus optimal irrigation efficiency can be achieved (Zhang et al., 2018). Plant water stress-based water management and irrigation not only save water but also enhance yield (Virnodkar et al., 2020).
      A study was carried out to compare conventional irrigation and IoT based decision support system (DSS) based irrigation in lemon farm in Karachi. The DSS was based on weather data (temperature and humidity), real time in situ sensor data from the IoT device established in the farm and crop data (Kc and crop type). The system saved water (50%) and increased yield (35%) when compared to traditional system (Zia et al., 2021).
	Riyaz (2022) prompted an IoT based drip irrigation system in high density apple orchard at Shalimar. The system had soil moisture sensor, temperature and humidity sensor, Arduino microcontroller, GSM module. Water was pumped when moisture content reached 30% until 60%. The system saved 37.5% of irrigation water and reduced labour cost by 75.77%.
Tsiropoulos et al. (2022) developed an autonomous system for irrigation scheduling in three water scarce areas of Greece using water from four different sources such as rain water, sea water, ground water and waste water. By maintaining soil moisture levels between 30-38%, the system was able to effectively irrigate the crops without causing any stress.
An IoT system comprised of thermal infrared sensor, Arduino microcontroller was designed for assessing spatial variability of mid stem water potential (MSWP) in drip irrigated vineyard and could develop spatial variability maps since CSWI was highly correlated with MSWP (Fuentes-Peñailillo et al., 2023).
A basin irrigation system in wheat based on IoT consisting of a soil moisture sensor and an automatic check gate have been developed by Monalisha (2023). Sensing unit consisted of a soil moisture sensor operated on solar power, microcontroller, communication was done through LoRa and GSM module. The check gate automatically opened and closed based on soil moisture reading. The system attained application efficiency of 85% and saved 24.3% irrigation water.
A comparison of IoT and evapotranspiration (ETc) based drip irrigation was carried out in a sweet corn field. The IoT system had sensors that measured soil moisture, soil temperature, air temperature and humidity connected to ESP32 microcontroller. IoT based system at 100% FC attained higher grain and stalk yield of 12.05% and 14.97% respectively, than ETc based system (Kumar et al., 2024).
Maghirang et al. (2025) developed an autonomous sprinkler system which comprises of four soil moisture sensors connected to an Arduino Uno microcontroller and it was integrated to railing system. Sprinkler watering was done when soil moisture level reached 70%.
3. Fertilizer application
New IoT approaches have been developed to estimate spatial patterns of fertilizer requirements with acceptable accuracy while reducing labour requirements.


· Variable Rate Technology (VRT)
VRT is an input application technology in which inputs are applied at a certain rate, time and place to achieve site-specific application of inputs (Sharma et al., 2014). It can be implemented in two ways mainly that include sensor based and map based. In sensor-based approach, sensor sent data to microcontroller that uses appropriate algorithms to control fertilizer flow. Whereas in map-based approach, soil analysis and grid sampling are done to obtain prescription map based on this microcontroller controls fertilizer application rate (Zhang, 2016).
· Normalized Difference Vegetation Index (NDVI)
NDVI is a potent technique that uses satellite or aerial photography to monitor crop nutrient status. The reflection of visible and near-infrared light from vegetation is represented by the NDVI value. It is calculated as follows:
NDVI = 
VIS and NIR represent spectral reflectance in visible and near-infrared regions. NDVI ranges from -1 to +1 (Weier and Herring, 2000).
Drones were used for NDVI estimation as a cheaper alternative for spatial satellite sensor. It provided high resolution image of crops, and compared the reflected intensities of near infrared (NIR) and visible light. The combination of near infrared, red, green and blue light were caught by modified camera. Near infrared rays (NIR, around 750nm) is reflected by chlorophyll while red and blue are absorbed. NDVI principle relies on the revelation that, spongy layers on backside of leaf reflect lots of near infrared light. In stressed plant, spongy layer gets collapsed and less NIR light is reflected, whereas no change in the amount in visible range (Mahajan and Bundel, 2016).
· Autonomous Driving System
Autonomous agricultural vehicles can plan paths, turn, steer, and follow rows or edges to apply fertilizers across the entire field (Zhang et al., 2018).      
Lavanya et al. (2020) proposed an IoT enabled fertilizer intimation system that consist of a Nitrogen-Phosphorus-Potassium (NPK) sensor which work on colorimetric principle. Sensor data were sent to a cloud database and fuzzy logic concept was used for decision making. Then farmer is intimated with messages regarding amount of fertilizer to be applied at regular intervals. The model was tested in red soil, mountain soil and desert soil. The developed system showed linear variation with respect to soil solution concentration.
Avotins et al. (2020) developed an IoT based camera design that capture single image NDVI parameters (SI-NDVI) in tomato grown in greenhouse at Mezvidi. The proposed design deployed 5 NDVI sensors and measurements were taken at three levels such as upper (close to flowers), middle and lower (close to fruits). The prototype attained 72-93% precision. 
      A low-cost sensing system along with on-the-go fertilizer application in coffee, cocoa and sugar cane was proposed by Putra (2020). The sensing system comprised of red, green, and blue (RGB) sensor, which detect greenness of leaf and sent data to actuator. The on-the-go fertilizer application system estimated quantity of fertilizer required based on information from actuator. The sensor values were positive correlated with chlorophyll meter values.
An automated fertigation system with a Frequency Domain Reflectometry (FDR) soil nitrogen sensor and capacitive soil moisture sensor was deployed by Zubair and Adebiyi (2022). Sensor data were sent to Blynk platform and threshold value of N was fixed as 25mg/kg (lower limit) and 30mg/kg (upper limit). Fertigation was carried out between 5am and 6am.
An IoT based fertigation system was developed by integrating ultrasonic sensor and electrical conductivity (EC) meter in strawberry. MQTT app was used for monitoring water level in water tank and EC level in fertigation tank. The minimum water level was set at 30% and minimum EC level at 0.9 mS/cm. When water level reached this limit, solenoid valve gets activated and water was fed to fertigation tank in the same way fertilizer from fertilizer tank A and B until EC level reaches limit (Bariman et al., 2024).
Pawase et al. (2024) developed a variable rate liquid fertilizer applicator system that detect Nitrogen deficiency in ground nut. The system was equipped with nitrogen sensor, microcontroller, proportional solenoid valve (PSV) and pressure relief valve. Sensor data were sent to microcontroller and transmitted to PSV opened based on nutritional dose. The system attained 24.30% reduction in fertilizer application.
A semi-autonomous vehicle sprayer (SAVS) was proposed by Padhiary et al. (2025) consisting of sensors such as pressure sensor, anemometer and flow sensor connected to NodeMCU microcontroller and pressure regulated valve that work based on sensor data. The spray uniformity obtained was 96.82% - 97.67% with an efficiency of 65%.
Salimath et al. (2025) compared an automated irrigation and fertigation system with that of conventional system for banana cv. Grand Nain. Irrigation was done at three levels (-150, -100 and -50KPa) based on soil water potential sensor data. Fertigation levels of 100%, 75% and 50% of recommended dose of fertilizer (RDF) was maintained. The system with -50KPa irrigation and 50% RDF saved 26% water and 50% fertilizer with a higher benefit-cost ratio of 1.61.
4. Pest and disease management
      Kim et al. (2018) constructed a pest and disease prediction model for strawberry in two linked smart greenhouses by integrating IoT-Hub and Farm as a Service (FaaS). Plants were inoculated with grey mould causing Botrytis cinerea strain. Model was created using FaaS by monitoring disease incidence based on temperature and leaf surface wetting duration. It was found that critical disease onset limit was at 20% disease incidence, 200C temperature and 5% infected leaf area with assumption of unlimited number of pathogens. 
         An investigation on early forecast of early and late blight in potato and tomato and powdery mildew in tomato was carried out in Egypt (Khattab et al., 2019). Sensors monitored parameters such as air temperature and humidity, soil temperature and volumetric water content, soil electrical conductivity and relative permittivity, wind speed and direction, solar radiation, rain level and leaf wetness. The system alerted at correct time and could reduce fungicide application by 75 - 86.4%.
Koubaa et al. (2020) designed an IoT based system in date palm called as “smart palm” for early detection of red palm weevil attack. Weevil detection was tested using sound, accelerometer and vibration sensors and found that accelerometer sensor was more effective. The system also had a sensor for monitoring temperature, humidity and pH value. Accelerometer sensor when placed inside palm was more effective than outside in detection.
Salehin et al. (2021) proposed an IoT based pest management system involving four sensors such as sound detection sensor, thermal sensor, gas detection sensor and high image sensor programmed by Arduino Uno R3. Sound sensor detected noise and identified whether it was of pest or not. Thermal sensor sensed fluorescence of leaf and analysed whether it was attacked by pest. Gas detection sensor sensed the compounds emitted by crop and predicted crop health. High image sensor captured pest image.
An IoT based system for cotton pest and disease monitoring equipped with camera for capturing growth stages and sensors for assessing temperature, humidity, light intensity and soil nutrient level was developed. Conventional monitoring took 8hours per day with an accuracy of 85% whereas proposed system had 95% accuracy (Cao et al., 2024).
	A bird pest and insect monitoring system in rice field using IoT was designed by Rohmah et al. (2024). A passive infrared sensor (PIR) detected bird movement thus signals were sent to microcontroller, it activated loud speaker or buzzer and DC motor. Insect pest control was achieved by an ultraviolet light (UV) trap. The bird pest prototype with sound and movement actuator performed well than sound actuator alone in ratio of 70:50.
Jamshidi et al. (2025) proposed powdery mildew and codling moth forecasting system in an apple orchard. Powdery mildew forecasting was done based on environmental conditions. Pheromone traps and temperature data were employed for codling moth monitoring. A reduction of 33% and 50% in fungicide and pesticide application was attained by the system respectively.
An IoT enabled system for insect pest management in rice field was developed which comprised of signal sensor, LED light attractors, electric zappers, insect counter and solar panel. Insects were attracted by LED lights to electric zapper and detected by signal sensor, which convert it to digital signal that get counted by insect counter. Then data was analysed by monitoring system. Average insect count during planting season was 85 which rose to 2941 during harvest. The system could achieve 91.67% reduction in pesticide usage and enhanced yield by 50% (Simpao et al., 2025).
5. Yield monitoring, forecasting and harvesting
An electronic crop unit was developed for sweet potato equipped with sensors to monitor temperature, humidity, solar radiation, wind speed, wind direction, rainfall and soil moisture. Sensed data were sent to cloud at 15minutes internal and processed by Raspberry Pi. The unit provided recommendations that reduced yield gap (Mithra, 2019). 
Lee et al. (2022) developed an IoT camera-based growth monitoring and harvest date prediction system for tomato grown in greenhouse. The IoT cameras were installed on trusses, and monitored growth of flowers and fruits. Temperature sensor recorded daily mean temperature which was used to calculate harvest data along with flower blooming date. System predicted harvest date with an error factor of 2.03 days.
An IoT enabled hand held fruit harvester was designed by Putra et al. (2022). The system consisted of infrared sensor, RGB sensor, load sensor, microcontroller, cloud data logger and data analysing system. It was found that GPS of system could attain accuracy for a distance of 3m. Infrared sensor attained an accuracy of 93.3% in fruit number count. 
6. [bookmark: _Hlk194405640]Environmental monitoring and control
Mahmud et al. (2018) proposed an automatic environmental control system for mushroom cultivation equipped with CO2 sensor, temperature and humidity sensor. It was found that watering of production house reduced temperature and improved humidity thereby maintained optimum condition.
Ranjan et al. (2020) developed an abiotic stress-monitoring system in apple and sweet cherry using thermal-RGB imaging sensor and an all-in-one weather sensor. Fruit surface temperature (FST) was monitored for predicting sunburn in apple and fruit wetness (%) for predicting cracking in sweet cherry. It was found that system derived FST was highly correlated with ground truth measured FST. 
An IoT enabled system equipped with sensors for monitoring humidity, temperature, soil moisture and light intensity connected to NodeMCU microcontroller was demonstrated for indoor grey oyster mushroom cultivation. (Chong et al., 2023). The system could maintain optimum humidity of 88.59-91.01% and temperature of 24.4-26.30C.
Alhaqi et al. (2024) designed an evaporative cooling system to control temperature and humidity in a greenhouse. Cooling system operated at a temperature range of 28 - 320C and had an accuracy of 92.86%.
Applications of IoT in advanced technologies
1. Precision farming 
Chen et al. (2019) developed Agritalk, an IoT tool for precision farming in turmeric crop in Taiwan. System comprised of pH sensor and 3 in 1 sensor for monitoring temperature, electrical conductivity and soil moisture connected to AgriCtls microcontroller. Pest management was carried out using insect trappers. The system could save 70% water and could achieve 5 times higher curcumin content in rhizomes than conventional method.
A multimodal precision farming system comprising of IoT based irrigation, fertilizer application, crop disease detection and crop damage prediction was developed by Garg et al. (2021). Sensing unit consisted of soil moisture sensor and NPK sensor. Machine learning and image classification was employed for disease detection and damage prediction. 
Gaikwad et al. (2021) designed a precision farming system for wheat, maize, sorghum, soya bean, chick pea and cotton. Sensing unit were installed to monitor soil moisture and temperature, air temperature and humidity and system attained an accuracy of 0.20C and 5%. Ground information was obtained by soil mapper.
More et al. (2025) designed a robot for ploughing, seed sowing, watering, soil monitoring and surveliance. Frame work consisted of four wheels connected to NodeMCU microcontroller that operated in manual or automatic mode. Seed sowing was done with help of servo motor. The system was able to detect stress in  12% of plants early and saved 35% water.
Shahab et al. (2025) designed an automated system in rice crop equipped with 8 in 1 sensor (for monitoring soil pH, moisture, salinity, EC, temperature, nitrogen, phosphorus and potassium) and Plantix a mobile app for decision making in irrigation, fertilizer recommendation and disease diagnosis. Soil samples from 14 locations were field tested and found that sample 1 had lower moisture content of 60.6 % thus required irrigation. Soil moisture and nitrogen level were monitored every 7 days. Brown spot disease was diagnosed in field.
2. Greenhouse
Kumar et al. (2022) proposed an IoT enabled system to monitor and control greenhouse. The system comprised of GSM modem, Arduino and sensors such as soil moisture sensor, temperature and humidity sensor and LDR sensor. The sensor data was transmitted to Arduino and decision was taken. When moisture level, temperature and humidity, light intensity observed was less than set data then water pump, fan and bulb was turned on respectively. 
In a naturally ventilated polyhouse, an IoT based microclimate monitoring and controlling system was established. The system was equipped with light sensor, temperature and humidity sensor, Arduino microcontroller and GSM module. When temperature was above 280C, exhaust fan was turned on. The system could reduce temperature of 30C and relative humidity of 4% (Angitha, 2023).
An IoT enabled irrigation scheduling system in cucumber grown in a naturally ventilated greenhouse based on environmental parameters like temperature, light intensity, soil moisture, relative humidity and soil temperature was developed by Lakshmi (2023). Sensing unit comprised of soil moisture sensor, temperature and humidity sensor, light sensor and soil temperature sensor. The study revealed that the system saved achieved higher water use efficiency of 30.6 kgm-3 than evapotranspiration and field capacity based irrigation methods.
Khan et al. (2024) designed an IoT enabled system for saffron cultivation in greenhouse.  Sensors were used to monitor soil moisture, pH, soil salinity, temperature and humidity and light intensity. Load cell sensor was employed for measuring corm size of 8g. Greenhouse was air sealed thus room temperature was maintained at 200C. When these parameters exceed threshold value, then fan, exhaust fan, artificial lights, water pump was operated automatically. 
A low cost IoT enabled solar powered greenhouse system called Greenlab was proposed by Volosciuc et al. (2024). The system was equipped with sensors for monitoring soil moisture, light intensity, temperature and humidity, water level and gas content.
Radhakrishnan et al. (2025) proposed an approach for optimizing fertigation in tomato variety “Vellayani Vijay” grown in naturally ventilated greenhouse. Sensors used in the system comprised of 7 in 1 integrated sensor (for monitoring N, P, K, electric conductivity, pH and moisture), water flow sensor (provide amount of irrigation water at an instant) and temperature and humidity sensor. Sensor data were sent to cloud-based data base at 5 minute intervals for ninety days. It was found that soil moisture of 60-70% was optimum for vegetative growth and fruit production.
a. Hydroponics 
Chowdhury et al. (2020) designed an IoT based automated indoor vertical hydroponics farming system including crops such as mint, cucumber, tomato, coriander, chilli and capsicum. Sensors were used to monitor air temperature and humidity, pH, EC, water level and water flow of system which was connected to microcontroller. Temperature range of 19-280C was maintained in the system with a low water consumption of 8-10L.
An IoT enabled environment and nutrient solution monitoring of a hydroponics system for lettuce was developed. Sensors such as light intensity sensor, humidity sensor and air temperature sensor were deployed for environment monitoring.  Nutrient solution was monitored using pH sensor, water temperature sensor and total dissolved solids (TDS) sensor. Sensed data were sent to IoT database and then analysed and found that system was stable (Nguyen et al., 2022).
An IoT enabled automated nutrient regulation (ANR) system for hydroponic stevia cultivation was proposed by Prathap (2022). The system comprised of pH sensor, TDS sensor, water temperature sensor, air temperature and humidity sensor. It was found that system attained higher fresh mass of 0.212kg compared to conventional hydroponic system that had 0.148kg.
Duangpakdee, et al. (2024) developed an IoT based deep water flow hydroponic system in Chinese celery and tested in three greenhouses. Sensors were employed to monitor pH, EC, humidity, water and air temperature. Temperature was maintained by mist and artificial light enhanced photoperiod in the system attaining a higher average yield of 1.70kg compared to 1.49kg in greenhouse under natural condition.
Anaswara (2025) designed an IoT based hydroponic system for growing Syngonium podophyllum, Alternanthera reineckii, Anubias gracillis and Cryptocoryne wendttii. System comprised of sensors for measuring pH, EC, water level, soil moisture and weight connected to Arduino microcontroller. Moisture level, pH and EC was maintained at 70%, 5.5-6.5 and 1-3dS/m respectively.
Ryu et al. (2025) designed a soilless space food production system (ASFP) using IoT sensors growing basil in space. Sensors were used to monitor dissolved oxygen (DO), water temperature (WT), pH and electrical conductivity and data were sent to Raspberry Pi microcontroller at every fifteen seconds. It was inferred that crop growth was affected by pH and EC values rather than DO and WT.
b.  Aquaponics 
An aquaponic system equipped with NodeMCU microcontroller connected with sensors that monitor pH, level, EC, total dissolved solids, ion concentration and temperature of water tank, soil moisture of growing media, atmospheric CO2, temperature and humidity was designed (Khaoula et al., 2021).
Mahmoud et al. (2023) developed an IoT enabled aquaponics monitoring system comprised of Raspberry Pi microcontroller equipped with sensors that monitor pH, water level, dissolved oxygen level, temperature and light intensity. The optimum temperature for fish and plant growth was identified as 18-240C and system could save 70% of human cost.
An IoT enabled water quality control system was developed by Olanubi et al. (2024). Sensing unit consisted of sensors for monitoring pH, dissolved oxygen, temperature and turbidity connected to ESP32 microcontroller. It was noted that during growth period, temperature was stable between 28-290C while pH and turbidity increased after 2-3 days thus pump were activated.
c. Aeroponics
Lucero et al. (2020) proposed an aeroponic system for lettuce equipped with pH sensor, temperature and humidity sensor and ultrasonic level sensor. The system could attain 47% and 57% increase in leaf length and diameter respectively compared to conventional method.
An IoT based aeroponics monitoring system in lettuce crop grown in greenhouse was designed by Ranchhodbhai (2021). System comprised of pH sensor, EC sensor, temperature sensor, ultrasonic sensor, air humidity and temperature sensor and ESP-32 microcontroller. The system could save 12.5% water and nutrients compared to conventional aeroponic system.
Méndez-Guzmán et al. (2022) suggested an aeroponic system for lettuce crop equipped with sensors that monitor luminosity in greenhouse, relative humidity of leaf and air, temperature of leaf, air and solution. The system showed a reduction in vapour pressure deficit at a temperature range of 10-200C and relative humidity of > 35%.
Roffi and Jamhari (2023) proposed an indoor IoT based aeroponic system for water spinach crop. The method consisted of light intensity sensor, temperature and humidity sensor, mist maker, peltier heater/cooler, LED and fan connected to Wemos D1 mini processor. By using peltier cooler and mist maker, temperature and humidity were maintained at 250C-300C and 95% respectively. Light intensity assisted with LED enhanced crop growth.
3.  Microgreens
Evan et al. (2022) proposed an architectural design for growing microgreen in an indoor vertical garden. Sensors were used to monitor soil humidity, temperature and light intensity. Water sprayers and LED lights were operated to maintain temperature at 25-300C and light intensity of 4-8hours per day.
Rankothge et al. (2022) developed an IoT enabled microgreen sprouter for mung bean. Sensing unit comprised of moisture sensor, temperature and humidity sensor and ultrasonic sensor that monitored crop growth rate. Harvest time was calculated from crop growth rate which can be altered by changing water level, operating exhaust fan and light. Optimum requirements for healthy growth were found to be temperature of 24-260C, light intensity of 15 hours per day and watering every 4 hours.
An IoT based microgreen cultivation of barley, green gram, wheat and gram in hydroponic system that monitor temperature, humidity, light and water level was developed by Mohan et al. (2023).  It was observed that plants were healthy at humidity of 60-65% and higher lighting hours of 14-16 hours.
Challenges of IoT in agriculture
The challenges mostly encountered include sensor placement is at physical locations, need to be cautious while performing agricultural activities and lack of awareness among farmers (Khanna and Kaur, 2019).
Discussion
[bookmark: _Hlk194413079]A comprehensive review of applicability of IoT in agriculture has been summarized in this article. Majority of the studies on the applicability of IoT were concentrated on soil, irrigation, fertilizer, pest and disease monitoring but fewer studies were focussed on yield, abiotic and physiological stress (Fig. 1). Among the advanced technologies, greenhouse and hydroponics monitoring constituted major share (22%) followed by precision farming (Fig. 2). Arduino was the most widely used microcontroller in the studies accounting to 61% followed by node MCU (16%) and Raspberry Pi (12%) (Fig. 3). Among sensors, temperature sensors were the most widely used sensors (25.87%) followed by humidity sensor (16.84%) and soil moisture sensor (13.93%) (Fig. 4). Among the crops, most of the research were carried out in tomato contributing to 8.47% of the literature collected followed by apple and lettuce (Fig. 5). 
Conclusion
The integration of Internet of Things (IoT) technologies in agriculture enhances precision, efficiency, and sustainability across multiple domains, including soil monitoring, irrigation monitoring, fertilizer application, pest and disease management, yield forecasting, and advanced production systems such as hydroponics, aquaponics and aeroponics. The review highlights that while soil and irrigation monitoring are widely explored, yield and abiotic stress still needs be explored. IoT-enabled systems support data-driven decision-making, resource optimization, and reduced labour input. Future work should expand applications to underrepresented crops and adopt integrated IoT frameworks tailored for diverse agricultural systems. Continued research and deployment of IoT technologies are essential for developing resilient, data-driven agricultural models aligned with sustainable development goals. The huge employment of labour in the agricultural sector in the developing nations which is becoming scarce can be replaced by data driven smart agricultural system using IoT in the future years to come. IoT driven smart farming practice can make the system efficient and effective in optimising the resources.
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Fig. 3 Microcontrollers used in literature reviewed
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Fig. 5 Category and percentage of crops in which IoT based research has undertaken
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